We prepared the gold nanorods (GNRs) via seed-mediated growth method, and fabricated the fiber-compatible saturable absorption device with it. We found that the nonlinear absorption behavior of the fiber-compatible GNRs saturable absorber can be tuned by introducing an external modulation laser. With the modulating power varying from 0 to 100 mW, the modulation depth of the saturable absorber could be tuned from 22.85% to 17.91%. Based on the all-optical modulation method with GNRs, the pulse width and repetition rate tunable Q-switched pulses can be delivered from an erbium-doped fiber laser.
Introduction
Q-SWITCHED erbium-doped fiber laser (EDFL) has many potential applications, such as material processing, remote sensing and nonlinear optical frequency conversion, etc [1] , [2] . Q-switching can be realized in either active or passive way [3] . Though the actively Q-switching modulation is easy to control the repetition rate or pulse duration of the pulsed laser [4] , the key component, i.e., Q-switcher, used in the cavity, has complex fabricating process and less compact structure. Compared to the active one, passive Q-switching is much more cost-effective and easy implementation for its simple structure of Q-switcher, i.e., the saturable absorber (SA) [5] . Although different low dimension materials have been developed as SAs, such as carbon nanotubes (CNTs) [6] , [7] , graphene [8] , [9] , topological insulators (TIs) [10] , [11] , transition metal dichalcogenides [12] - [14] and black phosphorus [15] , [16] , researchers would never stop their exploring work for novel SAs with tunable nonlinear absorption and broadband nonlinear optical response, etc.
As we know, in noble metals, the coherent collective oscillation of electrons in the conduction band will induce large surface electric fields, which can greatly enhance the radiative properties of gold nanoparticles (GNPs) when they interact with resonant light radiation [17] . This would make the absorption of GNPs orders of magnitude stronger than that of the most strongly absorbing molecules [18] . When GNPs are exposed to the light with specific wavelength, they can strongly absorb the light and rapidly convert it into heat via photophysical processes [19] , which has great potential applications in photothermal therapy [20] , [21] . Metal nanoparticles have also shown excellent nonlinear optical applications on account of the surface plasmon resonances (SPRs), such as wave mixing [22] - [24] , all-optical switcher [25] and optical bistability [26] . In addition, the metal nanoparticles could exhibit saturable absorption behavior and can be applied for constructing passively Q-switched or mode-locked lasers [27] . H. Baida et al. measured the nonlinear optical response of single gold nanorod (GNR) near its surface plasmon resonance, and owed the nonlinear response to electron heating, and lattice heating after electron-phonon thermalization [28] . J. Olesiak-Banska et al. performed broadband nonlinear measurement at different wavelength from 550 nm to 1550 nm, and observed the saturable absorption of GNRs [29] . K. H. Kim et al. made it possible to use metal nanocomposites as SA in mode-locking solid-state lasers [30] , [31] . T. Jiang et al. realized the passively Q-switching operation with gold nanocrystals in EDFL experimentally [32] . Z. Kang et al. replaced GNPs with GNRs acting as SAs, and achieved passively mode-locking and Q-switching successfully [33] , [34] . Compared with GNPs, GNRs have two SPRs absorption bands for the anisotropic nature of the GNRs [35] . One is the transverse SPRs absorption band, which is vertical to the axial of pole, generated by electron resonance. The other one is the longitudinal SPRs absorption band, which is along the axial of pole, generated by electron resonance [36] , [37] . The different absorption mechanisms can broaden the operating wavelength of the GNRs, which can make GNRs a promising broadband nonlinear optical material. Nonetheless, these works mainly focused on the nonlinear optical response and laser applications and paid less attention to the tunable potential of the GNRs-based SA.
In this paper, we demonstrated a passively Q-switched EDFL operating at 1.55 μm using GNRs as SA. By introducing the external modulating laser, the modulation depth of GNRs-based SA (GNRs-SA) can be altered. Moreover, the Q-switched EDFL with pulse width and repetition rate tunable output can be realized, which may have application potentials in some specific fields, such as optical sensing, nonlinear optics, bio-imaging, etc.
GNRs-SA Preparation and Characterization
We used the seed mediated growth method to prepare the GNRs in our experiment [35] , [38] . The seed solution was prepared by mixing of 10 mL of hexadecyltrimethyl ammonium bromide (CTAB) (0.2 M) and 10 mL of HAuCl 4 (0.5 mM) with 1 mL freshly NaBH 4 (0.01 mM) solution in a beaker. A flask was used to prepare the growth solution, with adding 20 mL CTAB (0.15 M), 12.5 mL 5-bromosalicylic acid (0.2 M) and 2 mL AgNO 3 aqueous solution (4 mM). 1 mL ascorbic acid (0.1 mM) was added into the flask under continuously stirring to form the growth solution. At last, 0.5 mL of seed solution was added into the growth solution. The prepared solution was kept at room temperature for 48 hours to make sure the entirely growth of GNRs. Histogram of the aspect ratio distribution is shown in Fig. 1(a) . The left inset shows the transmission electron microscope (TEM) image of GNRs and the right one is the optical image of fiber end facet with GNRs SAs. Fig. 1(b) shows the linear transmittance of the GNRs film on quartz substrate from 800 nm to 1800 nm. From this figure, we can find the GNRs have an absorption peak around 1040 nm, and possess a stronger absorption at 980 nm than 1550 nm. The excellent linear transmission of GNRs in the near-infrared band has made it an ideal broadband optical absorber.
To characterize the nonlinear response of GNRs, the GNRs were deposited onto fiber end facets with optical deposition method. A fiber connector was directly spliced to the laser diode, and the fiber end facet was immersed in GNRs dispersion. We set the laser diode power 40 mW and the illumination time 5 minutes. The GNRs could be deposited onto the fiber end facet with light illumination [39] . Inset of Fig. 2 shows a diagram of the fiber-compatible SA device. A twin detector system was then set up to measure the nonlinear optical response of GNRs, as shown in Fig. 2 .
We used a standard twin detector system with an extra modulation light introduced in our experimental setup. The pulsed laser beam was split into two equal part with a 50:50 coupler, and the reference one was detected with detector 1. The other one went into the reflection port (Port: 1550 nm) of WDM 1 with 980 nm continuous-wave (CW) went into the pass port (Port: 980 nm). The reflection port of the other WDM 2 was monitored with detector 2 with the pass port hanging in the air. The 1550 nm pulsed laser was homemade and the 980 nm CW light was a commercial laser diode.
The curves in Fig. 3 show the different transmission ratios of this GNRs-SA by fitting the data with the equation [15] 
where T(I) is the transmission, α is modulation depth, α ns is non-saturable absorbance, I and I s are input and the saturation intensities, respectively. Fig. 3 also shows the transmission ratio with different modulation light power at 0 mW, 60 mW, 80 mW and 100 mW, respectively. A two-level SA model can be used to characterize GNRs-SA [40] . The absorption ratio function about GNRs-SA of input intensity is given by [41] :
where α(I), α s , α ns , I and I s are absorption coefficient, saturable loss, non-saturable absorbance, input intensity and saturation intensity, respectively. Considering the modulation effects of the mod- ulation light, (2) can be modified to:
where α s (I 1 ) is the saturable loss of GNRs-SA with modulation light intensity of I 1 , and I s2 is the saturation intensity of input signal light with frequency of ω 2 . Here, α s (I 1 ) can be described by α s0 (the saturable loss of GNRs-SA without I 1 ) and I s1 (the saturation intensity of GNRs-SA when signal light has the frequency of ω 1 ):
From here, it can be found that the modulation depth of GNRs-SA decreases with the increasing of modulation light intensity, which matches well with our experimental results.
With the increasing of modulation power from 0 mW to 100 mW, as shown in Fig. 3 , the saturation intensity increases from 39.66 MW/cm 2 to 47.06 MW/cm 2 gradually. In this graph, we could obtain different modulation depth of GNRs-SA with different modulation light intensity. The modulation depth decreases from 22.85% to 17.91% when the modulation power increases from 0 mW to 100 mW. Obviously, GNRs-SA has saturable absorption at 1550 nm and the modulation depth could be tuned with the modulation light. It is clear that GNRs-SA has a high absorption at a low signal power density and a low absorption at a high signal power density for each modulation light power. This result shows that the fiber-compatible GNRs device possesses a tunable saturable absorption property.
Experimental Results and Discussion
To verify the tunable saturable absorption of the fiber-compatible GNRs-SA, an EDFL is constructed, whose schematic is shown in Fig. 4 . An 80 cm length of high concentration erbium doped fiber (EDF, LIEKKI Er80-8/125) with a group velocity dispersion of 15.8 ps/nm/km, pumped by a 980 nm laser diode (LD), is adopted as gain medium. The 10% light was coupled out with a 10:90 coupler, while the remaining 90% is coupled back into the cavity as feedback. A polarization independent isolator (PI-ISO), which can ensure unidirectional laser operation, was added in this laser cavity, and a polarization controllers (PCs) was used to vary the polarization state of intracavity light. The GNRs-SA was introduced into the fiber ring cavity between two WDMs. Both the reflection ports were connected into the cavity to introduce the 1562 nm light through the GNRs-SA, and one pass port was connected to a 980 nm laser diode. The 980 nm modulation light went through the GNRs-SA in the same direction with 1562 nm light. The overall cavity length is about 14.04 m. Except the gain fiber, other fibers components are all single mode fiber (SMF-28), with a GVD of 18 ps/nm/km. The net cavity dispersion is calculated to be −0.091 ps 2 . The output laser was monitored with an optical spectrum analyzer (Ando AQ-6317B) and a real-time oscilloscope (Agilent DSO9404A) together with a photodetector (MC, PD-12D). The output power of the Q-switched fiber laser was measured with a power meter (Ando, AQ2140).
In this experiment, we set the pump power at 80 mW and the standard state of Q-switching could be easily achieved. We increased the pump power to 150 mW and obtained the output pulse width of 3.35 μs and output power of 300 μW without the modulation light. The optical spectrum, single pulse and the corresponding pulse train with a pump power of 150 mW was displayed in Fig. 5 . The pulses exhibit very small modulation under a pump power of 150 mW, which didn't appear in low pump power. Fig. 6 shows the relationship between pulse width and pump power (both pump power and modulation light power, P 1 means modulation light power). We increased the pump power from 80 mW to 150 mW, with the modulation light power setting at 0 mW, and we can get a curve between pump power and pulse width, which decreases gradually, as can be seen in Fig. 6 , just like general Q-switched fiber lasers. Then we set the modulation light power at 60 mW, 80 mW, 100 mW, and adjust the pump power from 80 mW to 150 mW, respectively. Eventually, we get three decreasing gradually and distinguished lines. With the modulation power fixed, the pulse repetition rate can be increased by adding the pump power, corresponding to the ordinary Q-switched rules. Notably, with the pump power fixed, the pulse repetition rate can be increased gradually by adding the modulation power from 0 mW to 100 mW. Obviously, the modulation light can influence the nonlinear absorption of GNRs-SA. The saturable absorption of noble metal nanoparticles was explained in terms of the intensity-dependent dielectric function of the nanoparticles. The increasing of the laser intensity induces bleaching of the ground-state plasmon absorption, which results in a transmittance increase [36] . The bleaching of the plasmon band related with the electron dynamics in GNRs would lead to saturable absorption [42] . The recovery of the surface plasmon band obtained through electron-electron, electron-surface scattering followed by thermalization with the lattice via electron-phonon scattering [40] . With a 980 nm modulation light, the transmittance of GNRs-SA is higher than that without modulation light. We argue that the increased transmittance can be mainly attributed to the modulation laser's absorption and the photothermal effects of the GNRs [43] . The GNRs have a higher absorption efficiency at 980 nm than 1550 nm, and the existence of 980 nm modulation light would stimulate the electron and induces an absorption decreasing, which decreases the modulation depth. Moreover, the photothermal effects can make the materials saturated much more easily [44] , [45] , and thus the modulation depth of GNRs-SA could be tuned.
In a Q-switched fiber laser, the relationship between pulse width and modulation depth, cavity round trip can be evaluated by the equation [46] :
where T R and α represent the cavity-round trip time and modulation depth, respectively. With a larger modulation depth and ceteris paribus, the pulse would be narrower, which can match well with our experiment results shown in Fig. 6 . By this method, we could control the Q-switched pulse width by further optimizing the length of cavity, adjusting the modulation depth of GNRs-SA or introducing a modulation light. Towards repetition rate, the effects of modulation light can be understood as follows. The GNRs-SA can be saturated much more easily with a modulation light, so that the Q-switching threshold can be reached more easily. Therefore, the repetition rate with modulation light is higher than the one without modulation light in the Q-switched fiber laser as shown in Fig. 7 . In addition, the relationship between repetition rate and modulation depth can be described with equation [46] :
where g 0 is the small-signal gain coefficient, α is modulation depth, τ L is the inverse of the upper-state lifetime. In order to confirm the modulation effects rather than pumping the EDF of modulation light, we measured the output power of the Q-switched fiber laser. Similarly, we measured the output power with the modulation power at 0 mW, 60 mW, 80 mW, 100 mW, respectively. As shown in Fig. 8 , with the increasing of pump power, the monotonically increasing lines of output power are almost superposing together. Distinctly, the 980 nm modulation light is extracted out with WDM 2 and has no obvious impact on the intracavity light intensity.
In this experiment, we have not obtained the mode-locked pulses based on the filmy GNRs-SA. By increasing the pump power further, the damage threshold of the GNRs will limit the laser performance. To increase the damage threshold of GNRs-SA, the core/shell structure (GNRs@SiO 2 ) could be used to improve optical property and thermal stability of GNRs-SA [47] , [48] . Another method is to use the GNRs deposited microfiber as SA [49] . The geometric characteristic of the microfiber could effectively avoid the strong light directly penetrating into GNRs by increasing the interaction areas.
Conclusion
In summary, we have investigated the tunable nonlinear saturable absorption behavior of the GNRs-SA via an all-optical modulation method experimentally. In addition, we constructed a pulse width and repetition rate tunable Q-switched fiber laser based GNRs-SA by introducing a modulation light onto the GNRs. The experimental results may provide a different perspective to understand and utilize the absorption behavior of the metal nanoparticles, and may shed some light on the parameter tunable potential of the pulsed fiber laser with all-optical modulation method.
